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strategy based on proportional-resonant controllers. This strategy utilizes the magnitude of harmonic currents to adjust corresponding resonant controller parameters of various harmonics, and then successfully control the current and voltage harmonics of microgrid. Despite effective improvement of microgrid power quality, this strategy utilizes more proportional-resonant controllers, which adds computational complexity. This paper begins with the equivalent circuit; discusses the negative sequence voltage relationship of micro-sources, line impedances, and PCC; and analyzes the impact of line impedance negative sequence voltage drop on unbalanced voltage at PCC. Based on the above work, the paper proposes a hierarchicalcontrol-based control method over unbalanced voltage at PCC, and discusses the impact of secondary control delay on system stability.
The impact of line impedance of PCC voltage unbalance factor. The microgrid of multi microsources network with concentrated load is shown as Fig. 1 , where L 1 is the filter inductance of micro-source 1, C 1 is the filter capacitance of micro-source 1, L o1 is the microgrid side filter inductance of micro-source 1, v ref1 is micro-source 1 command voltage, v 1 is micro-source 1 output voltage, v PCC is PCC voltage, v sref is secondary control command voltage, i Lref1 is micro-source 1 command current, i 1 is micro-source 1 output current, i L is the filter inductance current of micro-source 1, R linei (i=1,2,…,n) is resistance of line i, L linei is inductance of line i, R Load is local load resistance, L Load is local load inductance.
As shown in document [3] , the micro-source can be equivalent to the series connection of an voltage source and output impedances, and the output voltage of micro-source i can be expressed as
where v i is micro-source i output voltage, v refi is micro-source i command voltage, G ui (s) is transfer function of micro-source i command voltage coefficient, Z eoi (s) is transfer function of microsource output impedance, and i i is micro-source i output current. According to (1) , the equivalent circuit of the system in Fig. 1 The control method of PCC voltage unbalance factor with high precision. Based on (3), we can get that if the negative sequence component of micro-source i output voltage is changed, the negative sequence component of PCC voltage will then adjust itself. As can be seen from the definition of secondary control, secondary control enables measurement of PCC voltage, and the corresponding results will be fed to micro-source i through communication link [2] . The paper defines the negative sequence component of PCC feedback voltage under secondary control as Based on the aforementioned analysis, the paper proposes a secondary-control-based control strategy to reduce PCC voltage unbalance. The control strategy to improve PCC voltage unbalance factor is drawn as Fig. 4 , where ROR-FLL(reduced order resonant frequency-locked loop) is used to separate the fundamental and negative sequence component of PCC voltage, G vuf (s) is the transfer coefficient of voltage unbalance factor controller(PI controller).
Based on Fig. 1 and Fig. 4 , the transfer function diagram of PCC unbalanced voltage control system can be expressed as Since the time scale of secondary control is far larger than that of micro-source i controller, the micro-source i can be defined as the inertia element. The bandwidth of this inertia element is the same as that of the micro-source i outer loop. Thus, the transfer function of secondary control is obtained as
where k p_sec is the proportional coefficient of secondary control link, and k i_sec is the integral coefficient of secondary control link. Choose the secondary control delay link time from 20 ms to 100 ms, and then the root locus change of (5) is shown as Fig. 6 . Fig. 6 shows that the microgrid eigenvalues consist of a pair of complex conjugate and a real number. With the increase of delay time constant, the distance of three eigenvalues from the imaginary axis continues to decrease, and the dominant pole damping ratio of the system also decreases, then the system stability is reduced. According to the above analysis, reference is drawn that the delay time of secondary control should be reduced as much as possible in order to improve system stability.
Experimental results. The paper performs experiment on the proposed PCC unbalanced voltage control strategy with an islanded microgrid. The microgrid consists of two micro-sources and adopts the form of concentrated loads. The length of the two micro-sources' line impedance is 0.5 km and 1 km, respectively (the line resistance is 0.642Ω·km -1 , and the line inductance is 0.083Ω·km -1 ). The reference value of PCC voltage unbalance factor is 1.5%. The three-phase load impedances are 5Ω, 10Ω, and 7Ω, respectively. At first, the microgrid runs stably in the islanded mode under the working status of unbalanced loads. At T 1 , the PCC unbalanced voltage control strategy starts to be utilized. Relative experiment results are shown in Fig. 7 . According to GB/T15543 standards, the long term VUF at PCC is no more than 2% and the shortterm VUF is no more than 4%. Fig. 7(a) shows that when no unbalanced voltage control strategy is adopted, the voltage unbalanced percent at PCC is 3%, bigger than the regulated numeric value in GB/T 15543 standards. After adopting this strategy, the unbalanced percent of PCC voltage gradually decreases, and its VUF value is finally fixed at 1.5%, which coincides with what is regulated in GB/T 15543 standards. In the process of secondary control, and as PCC voltage unbalance factor decreases, the micro-source voltage unbalance factor also decreases, so the micro-source output voltage power quality obtains improvement. By comparing Fig. 7(b) with Fig. 7(c) , it can be seen that if no unbalanced voltage control strategy is adopted, the voltage unbalance factor at PCC is much more obviously(voltage amplitude difference shows in Fig.  7(b) ); while after it is adopted, the voltage unbalance factor at PCC decreases (voltage amplitude difference shows in Fig. 7(c) ).
Conclusion.
Through the equivalent circuit, the paper analyzes negative sequence component vector relationship among micro-source, line impedance and PCC voltage. The analysis result shows that PCC voltage can't be precisely controlled by just measuring micro-source output voltage, and that the adoption of secondary control can perform improvement on PCC voltage unbalance factor. Based on the analysis result, the paper proposes a control strategy for reducing PCC unbalanced voltage. This strategy adopts secondary control to calculate the negative sequence component compensation value of PCC voltage. The calculation result is then transmitted to all micro-sources through communication and tracked by micro-sources in local control. Finally, by performing experiments, the paper validates the feasibility of its proposed control strategy to implement improvement of PCC voltage unbalance factor under unbalanced loads working status.
